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E-mail address: jochenmd@embl-hamburg.de (J. MThe crystal structure of the free form of IF1 from Mycobacterium tuberculosis has been determined
at 1.47 Å resolution. The structure adopts the expected OB fold and matches the high structural con-
servation among IF1 orthologues. In order to further explore the function of Mtb-IF1, we built a
model of its interaction with the 30S ribosomal subunit based on the crystal structure of the com-
plex from Thermus thermophilus. The model suggests that several functionally important side chain
residues undergo large movements while the rest of the protein in complex shows only very limited
conformational change as compared to its form in solution.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Translation initiation is the rate limiting and most highly regu-Tuberculosis (TB) is a world-wide pandemic and remains one of
the most common and deadly infectious diseases of our day. One
third of the world’s population is infected with TB, 10% (200 mil-
lion individuals) of which will develop an active form of the disease
during their lifetime. In 2009, 1.8 million people died from TB,
equivalent to over 4800 deaths a day [1]. The disease can be con-
trolled, the treatment, however, is prolonged and requires the
combination of several drugs. Additionally, the emergence of about
450 000 new cases of multidrug-resistant Mycobacterium tubercu-
losis (Mtb) strains per year and the increase of extensively drug-
resistant strains which are resistant to second line drugs empha-
sizes the dangers of TB to the public health.
Open reading frame Rv3462c from Mtb has been identiﬁed by
the Max Planck Institute for infection biology (MPI-IB Berlin), our
partner in the German X-MTB consortium (http://www.xmtb.org),
as a likely contributor to the persistence or pathogenicity of Mtb.
This is based on studies comparing the expression and transcrip-
tion proﬁles of Mtb during different life cycles or under different
growth conditions. Rv3462c has been annotated as infA, the gene
that encodes for IF1 which takes part in the formation of the trans-
lation initiation complex.chemical Societies. Published by E
on factor 1; Mtb, Mycobacte-
obacterium tuberculosis; NCS,
tide/oligosaccharide binding
osis; Tth-IF1, Initiation factor
ueller-Dieckmann).lated phase of protein biosynthesis in prokaryotes [2]. Synthesis of
functional polypeptides requires initiation of translation to start
in-frame and at the correct mRNA codon. This critical step involves
the formation of the 30S initiation complex which is comprised of
the small (30S) ribosomal subunit, the initiator tRNA fMet-
tRNAfMet base-paired to the mRNA start codon and three protein
initiation factors (IF1, IF2 and IF3) [3]. The IFs play an important
role in the correct assembly of the functional initiation complex
as they enhance its stability and increase the rate of interactions [4].
IF1 is the smallest of all three IFs. Binding of IF1 from Escherichia
coli to the 30S ribosomal subunit has been extensively studied by
crosslinking experiments [5], site-directed mutagenesis [6] and
NMR titration studies [7]. A breakthrough in our understanding
of the binding and function of IF1 came with the 3.2 Å crystal struc-
ture of IF1 from Thermus thermophilus bound to the 30S subunit [8].
Here we present the high resolution crystal structure of initia-
tion factor 1 fromM. tuberculosis (Mtb-IF1) in its free form. In order
to examine the binding interaction with the 30S ribosomal subunit
we built a model of Mtb-IF1 bound to the 30S subunit based on the
crystal structure from T. thermophilus.
2. Materials and methods
2.1. X-ray data collection and 3D structure determination
Rv3462c (Mtb-IF1) is a monomeric protein that consists of 73
residues and has a molecular mass of 8.5 kDa. Expression, puriﬁca-
tion and crystallization of Mtb-IF1 were performed as describedlsevier B.V. All rights reserved.
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line BW7A (EMBL Hamburg, c/o DESY) to 1.47 Å resolution. Native
IF1 crystals, which contain two molecules per asymmetric unit
(ASU), were soaked for 16 h in mother liquor in which KCl was
substituted with KBr. One derivatized crystal was transferred for
15 s into soaking solution supplemented with 25% glycerol as a
cryoprotectant. A diffraction data set was collected at the peak
wavelength of the Br K edge (0.92 Å) on beamline BW7A (EMBL
Hamburg, c/o DESY). The data were processed using DENZO and
SCALEPACK [10].
The substructure of derivatized Mtb-IF1 was solved with SHEL-
XD [11] and initial phases were calculated and improved using
SXELXE [12]. Automated model building was carried out using
the program ARP/wARP [13] which succeeded in building 67 out
of the 79 residues per monomer which contains six extra N-termi-
nal residues as cloning artifacts [9]. Additional residues were man-
ually modeled using the molecular graphics program COOT [14].
The model was reﬁned using the maximum likelihood method as
implemented in REFMAC5 [15]. No non-crystallographic symmetry
(NCS) restraints were used during the reﬁnement of the two inde-
pendent molecules per ASU. The model is well reﬁned with ﬁnal
Rwork and Rfree values of 15.9% and 18.2%, respectively. The geomet-
rical properties of the model were assessed with the program PRO-
CHECK [16]. Data statistics are summarized in Table 1. Coordinates
of IF1 have been deposited with the PDB (entry code 3I4O).
2.2. Model building of the Mtb-30S:IF1 complex
The overall fold of the ribosomes and in particular the regions
that are engaged in the binding of translation factors are highly
conserved among bacteria [17]. Using, therefore, the X-ray struc-
ture of the 30S:IF1 complex from T. thermophilus [8] as a template,
we constructed a model to examine the binding mode of Mtb-IF1
to the 30S ribosome in Mtb.
To this end, the structure of free Mtb-IF1 was superposed onto
Initiation factor 1 from T. thermophilus (Tth-IF1) complexed withTable 1
Data collection and reﬁnement statistics for the native and derivative datasets. Values
in parentheses correspond to the highest resolution shell.
Crystal Derivative Native
Data collection
Beamline BW7A, EMBL
Hamburg
BW7A, EMBL
Hamburg
Wavelength (Å) 0.920 0.975
Space group P21212 P21212
Unit-cell parameters (Å) a = 74.32
b = 76.71
c = 28.28
a = 73.95
b = 76.54
c = 28.03
Mosaicity () 0.50 0.70
Resolution limits (Å) 30.00–1.52
(1.55–1.52)
30.00–1.47
(1.50–1.47)
Total No. of reﬂections 346 499 197 099
Unique reﬂections 25 113 27 463
Redundancy 13.7 7.2
I/r(I) 15.9 (2.32) 20.8 (5.6)
Completeness (%) 98.0 (98.7) 98.2 (98.2)
Rmerge (%) 7.3 (51.0) 7.9 (35.5)
Overall B factor from Wilson
plot (Å2)
17.4 17.8
Crystallographic reﬁnement
R factor (%) 15.9
Rfree (%) 18.2
RMSD bond distance (Å) 0.018
RMSD bond angle () 1.79
Ramachandran plot
Most favoured (%) 93.9
Additionally favoured (%) 6.1
Generously allowed 0
Disallowed 0the 30S subunit. The docked model complex was manually exam-
ined in order to remove those multiple side chain conformations of
Mtb-IF1 which were least in agreement with the template IF1. The
side chain conformations of Arg42 and Arg47 in free Mtb-IF1 were
manually adjusted by ﬁrst ﬁnding the closest conﬁrmation with
Tth-IF1 from the side chain rotamer library in COOT and subse-
quent minor adjustments to the Chi angles. Both residues are con-
served and are critical in arresting two ﬂipped out bases, A1492
and A1493, from helix 44 of the 16S RNA (T. thermophilus number-
ing) [8], a hallmark of IF1 function. No other manual modiﬁcations
were performed.
The entire model was subsequently subjected to energy mini-
mization using REFMAC5 [15] to resolve close contacts. The number
of cycles of energy minimization was kept to ﬁve rounds until all
close contacts had been removed in order to prevent over-reﬁne-
ment. All positional changes after energy minimization were found
in IF1 and none in the 30S ribosome.3. Results and discussion
The structure of Mtb-IF1 was determined with single anoma-
lous diffraction (SAD) and reﬁned to a resolution of 1.47 Å. There
are two molecules per ASU consisting of residues 6–73 in the ﬁrst,
and 7–73 in the second protomer. The N-terminal residues of both
protomers are not visible due to high ﬂexibility which was also ob-
served for the only other prokaryotic structure of an unbound IF1
from E. coli, solved by NMR [7]. A conserved Lys residue in the ﬂex-
ible N-terminus contributes to the 30S interface [8] and is presum-
ably stabilized only after binding to the ribosomal subunit. The
remainder of the structure is well deﬁned with an average temper-
ature factor of 17.8 Å2.
The two molecules per ASU are related by a non-crystallo-
graphic screw axis. The translational component of the screw axis
lies parallel to the crystallographic twofold axis along c. This ex-
plains our previous data analysis which had revealed a strong peak
in a native Patterson map at fractional co-ordinates 0.41, 0.31, 0.50,
but no non-crystallographic peaks in a self rotation function [9].
Failure to solve the structure with molecular replacement, despite
the existence of models with high sequence identity was most
likely due to the presence of NCS with a strong translational
component.
The molecules in the ASU are interacting by forming eight
hydrogen bonds and two salt bridges. Analysis of all intermolecular
contacts with PISA [18] suggests that they are due to crystal pack-
ing which is consistent with the observed monomeric form of IF1
in solution. The root mean square deviation (RMSD) between the
two monomers is 0.36 Å based on the superposition of all 66 Ca-
pairs. Given that no NCS restraints were used during the reﬁne-
ment process, this low value further conﬁrms the conformational
homogeneity of IF1 after residue 6.
Mtb-IF1 adopts the expected oligonucleotide/oligosaccharide
binding fold (OB fold) [19] which consists of ﬁve anti-parallel b-
strands arranged as a compact b-barrel. The b-strands range from
residues 9 to 17 (b1), 22 to 27 (b2), 32 to 37 (b3), 53 to 59 (b4)
and 62 to 71 (b5) as deﬁned by DSSP [20]. Strands b1 to b4 are ar-
ranged in a Greek-key motif. The b-barrel is covered on one side by
a long loop of 16 residues connecting strands b3 and b4 (Fig. 1A).
This loop harbors a small a-helix and two conserved arginine res-
idues which participate in the crucial interaction with helix 44 of
the 30S ribosome.
Sequence comparisons between IF1 factors from all kingdoms
disclosed that those from prokaryotes are shorter than those from
eukaryotes and archaea but that all share a common core domain
[21]. Structural analyses revealed that this domain adopts an OB
fold, indicating similar in vivo function. The RMSD between Mtb-
Fig. 1. Crystal structure of Mtb-IF1. (A) Ribbon representation of Mtb-IF1. (B) Superposition of the OB fold domains of IF1 from organisms of all kingdoms. Yellow: IF1 from
Mtb, red: IF1 from T. thermophilus (PDBcode: 1HR0 chain W), magenta: IF1 from E. coli (PDBcode: 1AH9), green: human IF1-eIF1A (PDBcode: 1D7Q) and blue: archaeal aIF1A
from M. jannaschii (PDBcode: 1JT8).
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Mtb-IF1 and Tth-IF1 (63% identity), bound to its 30S subunit, it is
1.11 Å for 64 Ca-pairs (Fig 1B). Again, the largest deviations be-
tween the structures are observed at both termini and the long
a-helix containing loop. Despite lower sequence identities (23–
27%) Mtb-IF1 shows high structural similarity with archaeal
(aIF1A) and eukaryotic initiation factors 1 (eIF1A) within their
respective OB fold domains. Structural superposition with the OB
domains of human eIF1A (1D7Q) and with the archaeal aIF1A from
Methanococcus jannaschii (1JT8) gives RMSD values of 1.79 Å (65
Ca-pairs) and 2.92 Å (66 Ca-pairs) respectively (Fig 1B).
Tth-IF1 binds to its cognate 30S subunit in a cleft formed be-
tween the helix 44 (H44) and the 530 loop of the 16S rRNA and
the S12 protein [8]. The IF1 interface is rich in basic residues, while
the non-interacting surface area is rich in acidic residues. Mtb-IF1Fig. 2. The model of Mtb-IF1 bound to the 30S ribosomal subunit. Mtb-IF1 is shown aft
Arg47 are highlighted. The ribosomal part is taken from the complex of T. thermophilus [
respectively.shows the same distribution of surface charges. Similarly, the ribo-
somal side of the IF1 binding interface (4.5 Å cut off value) is
strictly conserved between T. thermophilus and Mtb with the
exception of U1404. In T. thermophilus this position is taken by
C1411 (numbering as in PDB code 1HR0). It appears reasonable
to assume that the maintenance of proper Watson Crick base pair-
ing in both cases with canonical nucleotides on the complementary
strands results in identical conformations of the respective RNA
backbones.
The crucial interaction of Tth-IF1 with H44 is mainly through
the loops connecting b1 and b2 and the long, a-helix containing
loop between b3 and b4. The loop connecting strands b1 and b2 in-
serts into a minor groove of H44 which disrupts the base pairing of
two nucleotides, A1492 and A1493, and ﬂips them out. Both bases
are sequestered by two conserved arginine residues located in theer (green) and before (translucent) modelling. The side chains of Lys40, Arg42 and
8], with S12 protein in magenta and the rRNA main chain and bases in blue and red
Fig. 3. Structure based sequence alignment of all known representatives of IF1 from all kingdoms. The top line shows the secondary structure elements from Mtb-IF1.
Residues in bold are strictly conserved. Residues in red mark functionally important side chains which form speciﬁc interactions with the 30S ribosome. The sequence of
eIF1A from human was terminated at residue 116 and extends to residue 143.
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mational change in H44 over a distance of 70 Å and leads to small
but signiﬁcant change in the inter-domain arrangements within
the 30S subunit [8]. This conformational change might represent
a transition state in the equilibrium between subunit association
and dissociation [4,8,22].
Interaction and function of IF1 from all kingdoms are expected
to be conserved. The remarkable sequential and structural similar-
ity of Tth-IF1 and Mtb-IF1 induced us to build a model of Mtb-IF1
complexed with 30S ribosome, based on the X-ray structure of the
complex from T. thermophilus. This was straightforward due to the
conformational similarity between unbound and complexed IF1
(see below) despite several highly speciﬁc interactions which lead
to critical rearrangements in the ribosomal RNA. As a consequence,
we were able to dock the free form of Mtb-IF1 to the 30S subunit of
the 30S:IF1 complex from T. thermophilus with only minor confor-
mational changes to it. All residues of Mtb-IF1 and Tth-IF1 interfac-
ing with the 30S subunit are either conserved or conservative
replacements. Speciﬁcally, of the 27 residues of Mtb-IF1 which
are part of the modeled interface, 21 (78%) are identical with
Tth-IF1. Displacements of main chain atoms before and after dock-
ing of Mtb-IF1 are below 0.4 Å. RMSD values for side chain atoms
are less than 1.0 Å for all but seven residues. Only three side chains,
Lys40, Arg42 and Arg47 show RMSD deviations of more than 2.0 Å
(Fig. 2).
Lys40 forms a hydrogen bond with the RNA backbone of the 530
loop in the docked model equivalent to Lys39 in Tth-IF1. This inter-
action seems conserved in all kingdoms, based on a BLAST search.
An arginine at this position in some archaea, like M. janaschii
(Fig. 3) is capable of forming the same interaction at a similar dis-
tance. Arg42 and Arg47 are also conserved among prokaryotes.
Both residues serve in the critical detention of two ﬂipped out
nucleotides (A1492 and A1493 in T. thermophilus). The second
nucleotide is sequestered in a newly formed pocket on the surface
of IF1. Arg 47 covers this pocket like a lid and forms a p-stacking
interaction with the nucleotide. Interestingly, this position is taken
by a conserved tryptophane in the eukaryotic and archaeal repre-
sentatives (Fig. 3), which is capable of the same kind of p-stacking
interactions with nucleotides.The structural conservation among known representatives of
IF1 from all kingdoms suggests that it has a universal role in the
translation initiation procedure. Our model, which indicates large
side chain movements for a limited and functionally important
number of conserved residues only, suggests that the process of
translation initiation in Mtb is similar with T. thermophilus. Conser-
vation or functionally conservative replacements of those residues
in eukaryotes and archaea suggests similar interaction and func-
tion of IF1 across all kingdoms.
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